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ABsTRACT: This paper presents the formulation and the application of a continuum-based finits-layer n.ppma.ch:
1o evaluate pavement strain response under actual traffic loading. The model incorporates important pavement

response parameters such as the dynamic tire-pavement
distributions (normal and shear), vehicle speed, and vise

load variations and corresponding complex contact strass
oelastic matedial characterization, Results of a parametric

study in which two typical thin and thick pavement sections were subjected to traffic loading moving at different
speeds are included. As an imponant application of the proposed method, pavement strain responses generated
by wide-base and dual tires have besn presented. This study reveals that contradictory to the past studies, the
impact of tire-pavement contact shear stress on tensile strain o the bottom of asphalt concrete i3 insignificant.

INTRODUCTION

Mechanistic procedures to compute pavement response have
been evolving since they received widespread attention at the
First [nternational Conference on Structural Design of Asphalt
Pavements in 1962. Such procedures provide the means by
which the pavement response in terms of stresses, strain, and
deflections in a multilayer pavement system can be estimated
when subjected to vehicle-induced loads. Many of the widely
used pavement analysis procedures, including the recent Sira-
tegic Highway Research Program Superpave performance
models use the pavement response as a critical input. Char-
acteristies of vehicle loading, pavement mazenials, and method
of construction have been undergoing many changes over the
years, For example, the tire pressures have increased to >760
kPa from 320 kPa used in the 1960s. Wide-base (super single)
tires are being proposed to replace the traditional dual tires.
New pavement materials, such as modifiad asphalt concrete
(AC) mixtures and open-graded AC rather than dense-graded
mixtures, are becoming common, The mechanistic procedures
enable the pavement engineer to accommodate many of these
changes in a more fundamental way.

The tire-pavement interaction is quite complex; the loaded
arca 15 noncircular, with nonuniform normal as well as sub-
stantial contact shear stress components. Furthermore, the tire
load that gives rise to the complex contact stress distribution
is a moving load that varies (i.e., dynamic) as it traverses the
pavement. Past studies and other research on the characteris-
tics of the tire-pavement interaction load resulting from a mov-
ing truck reveal that it is strongly governed by three important
factors: (1) Road roughness; (2) vehicle speed; and (3) truck
suspension system (Leblanc and Woodrooffe 1995; Streit et al,
15953,

The success of a mechanistic procedure mainly depends on
how realistically it can model the tire-pavement interaction
loading and pavement material behavior. Many widely used
mechanistic procedures are much simpler (e.g, ELSYMS,
BISAR, etc.); they treat the tire interaction as static, uniform,

‘Prof., Dept. of Civ. Engre,, Univ, of Mevada, Reno, NV B9557.

*Grad, Student, Dept. of Civ. Engrg., Univ. of Nevada, Reno, NV,

Assoc, Prof., Dept of Civ, Engrg., Univ. of Nevada, Rena, NV,

Maote. Discussion cpen until May 1, 1959, To extend the closing date
one maonth, a writlen request must be filed with the ASCE Manager of
Journals. The manuscripe for this paper wag submitted for neview and
possible publication on August 4, 1997, This paper is part of the Jourmal
of Transporiation Engineering, Vol 124, No. 8, November/December,
1998. DASCE, IS3N 0733-347X/58/0006-055T-0566/33.00 + 5.50 per
page. Papar Mo, 16369,

and stationary circular loads. The influence of aither the mgyv-
ing or dynamic nature of the interaction loading or contact
shear stresses is seldorm considered, More recent studies have
attempted o model the pavement loading more realistically
(Sousa et al. 1988; Papagiannakis =t al. 1996). However, as
will be seen later, thess approaches suffer from many limita-
Lons.

The model described in this paper is a moving load model,
which advances significantly the work by Siddharthan et al.
(1993} and Zafir et al. (1994). i is capable of predicting pave-
ment response (strain, stresses, and deflections) and treats the
tire-pavement interaction as a moving loaded arca. It aiso ap-
proximately accounts for the dynamic nature of the moving
load. 1t is a continuum-based finite-layer approach that uses
the Fourier transform technique; therefore, it can handle com-
plex surface loadings such as multiple loads and nonuniform
tire-pavement contact siresses (normal and shear). The tire im-
print can be of any shape, thus making this model suitable to
analyze wide-base tires, The proposed method i1s much more
computationally efficient than the moving-load models based
on the finite-element method (Huhtala and Pihlajamiki, 1992),
The AC layer is treated as viscoelasiic, in which the properdes
{complex shear modulus and Poisson's ratio) can vary as a
function of frequency. In the current model, the base course
and the subgrade are considered linear elastic.

The use of wide-base tires is becoming widespread in recent
years because their application offers a significant economical
advantage 1o the rucking industry. Therefore, national and in-
ternational efforts-are underway to quantify the pavement dam-
age caused by use of wide-base tires; This paper focuses on
providing pavement response for the case of wide-base tires,
For comparison, response from a conventional tandem axle
dual tire configuration is also presented.

EXISTING METHODS OF DYNAMIC PAVEMENT
RESPONSE

When a ruck, moves on a pavement, it exerts loads that
vary in space and ume. The conventional pavement analysis
models (e.g., ELSYMS) that assume the loads as static and
stationary completely ignore the moving nature of the load.
Pavement responses measured in the field have clearly indi-
cated that the spead of a vehicle affects the pavement strain
response (Akram et al. 1992; Sebaaly and Tabatabaee 1993),
In general, there are two important factors that should be con-
sidered in any dynamic pavement analysis: (1) The variation
of the interaction lpad with time and space; and (2) the de-
pendency of the material properties on the applied stress and
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the loading frequency. Monismith (1992) and Thompson
(1596} provide a comprehensive review of various mechanistic
procedurss and their limitations. A vast majority of the pro-
cedures suffer from the inability to model many of the follow-
ing important conditions: noncircular and multiple loaded ar-
cas, time-varying normal and shear contact stresses, and stress-
and rate-dependent material properties. The few approaches
that have atempted to model the dynamic nature of the pave-
ment loading are critically reviewed subsequently.

Recently, some researchers have considered the stress- and
frequency-dependent material properties in the pavement anal-
ysis procedures (Chen 1987; Sousa et al. 1988; Huang 1993).
The computer program, KENLAYER, based on Burmister's
layered theory, solves for an elastic multilayered system under
stationary single or multiple circular loaded areas (Huang
1993} with uniform and normal pressure. The AC layer can
be treatcd as linear zlastic or viscoelastic. The base and the
subgrade can be divided into several sublayers; and the stress-
dependent moduli are estimated for sach sublayer through an
iterative procedure. The moduli vary in the vertical direction
but remain constunt along the horizontal plane for each sub-
layer.

A computer program called SAPS!, developed by Moni-
smith-and his cowerkers (Monismith 1992; Scusa et al, 1938)
can be used 1o compute the dynamic response of a viscoelastic
layered system subjected 1o stationary disk (circular) loads, A
similar approach was advanced recently by Papagiannakis et
al. (1996). Multiple loadings can be analyzed, and sach load-
ing may have a different loading area and time history.

[n these methods the load-time history on the loaded areas
varies a5 a function of the velocity of the moving vehicle. The
response under 2 moving load is determined through an equiv-
alent approach, in which it has been assumed that the response
of a point at a distance x from a moving load is equal to the
response of another point ar the same distance x from a sta-
tionary load. The approach is identical to the one proposed by
Sebanly and Mamlouk (1987). These methods suffer from the
following limitations: (1) Since they use stationary loaded
area(s), they do not account for the true nawwee of the moving
load; (2) because an axisymmetric formulation is used, con-
sideration of noncircular (=.g., wide-base tires) is impossible;
(3} only the variation in tire-pavement contact stresses (normal
and shear) that conform to the axisymmetric condition can be
used; and (4] it is reguired to specify a time history of loading
on the stationary circular plate that depends on vehicle veloc-
ity. In addition, the assumption that a oniform pressure is pres-
ent over the entire stadonary loaded areas even when a tire
occupies only a part of the loaded area is questionable, This
issie becomes more important, especially in the case of flex-
ible pavemenis, since the size of loaded area and the thickness
of the AC layer have the same order of magnitude.

Three-dimensional (3D) finite-element-based models have
aiso been proposed for pavement analysis (Huhtala and Pih-
lajamiki 1992; Sousa et al. 1993). Limitations associated with
such methods are well known, and they include substantial
computational effort and the errors resulting from the need to
incarporate artificial lateral boundaries; Hardy and Cebon
{(1993) used a well-known convolution integral to study the
pavement response (o a2 moving load. A major limitation of
this method is that the measurement of pavement response
(e.g.. longitudinal strain response) must be known 3 prion, for
instance, for impact loading.

Siddharthan et al: (1993) and Zafir ot al. (1994) reported on
the: formulation of a continuum-based finite-layer approach to
evaluate the response of a pavement subjected 0 a moving
traffic load. In their approach the pavement layer system is
characterized using horizontal layers, each with a set of uni-
form properties. The layers can be sither viscoelastic or elastic.

Their model is based on the more cfficient finite-layer ap-
proach in which only rectangular moving loads and variation
in contact stresses in the longiwdinal (vehicle direction) can
be handled. This is because they modeled the loaded area as
a thin strip with two special viscous boundaries (front and
back) parallel to the longitudinal direction. Such & represen-
tation cannot model the vanation of normal or shear suwesses
in the transverse direction. Furthermore, their approach does
not account for the dynamic variation {time and space) of the
moving load. ;

PROPOSED APPROACH

Problem Definition and Characterization of Dynamic
Moving Load :

Fig. 1 presenis a sketch of a pavement structure subjected
to a moving traffic load. The pavement swructure consists of
horizontal layers, each defined by a set of uniform properties.
It is required to find the response (stress; strain, or displace-
ment) at any Point A, as the moving load traverses the pave-
ment with uniform velocity V. Initally, the load is at some
distance (Point O) far away from the plane of observation (Fig.
). The axes, which go through O are as shown in the figure:
The x-axis is along the wheel path (longitudinal), the z-axis is
vertical, and the y-axis is perpendicular to the wheel path
(transverse). Though only a single loaded area is shown in the
figure, the load can consist of multiple loads with each having
any contact stress (normal and shear) distributions on the z-
and y-plane.

Fig. 2 presents:the elevation view and a sketch of a rypical
longitwdinal suain, €, response at A, As the load moves from
O, the tire-pavement interaction load Pix) vares with distance
{or time} as shown. This interaction force, P{x) may be char-
acterized as having a mean (#) and an additional varying com-
ponent £(x), which represents the perturbation (variation) of
the force about the mean (Fig: 2). In other words

Plzy=B + Fix) (1)

Many theoretical and experimental tire-pavement interaction
studies have revealed that the component Px) is strongly in-
fluenced by the vehicle suspension system, road roughness,
and speed of vehicle. State-of-the art reports: on quantifying
B(x) have bean presented by Gillespie et al. (1993) and Streit
et al, (1995).

When the load is at a large distance (at O; x = 0}, there is
no strain response at A, but as the load moves toward A, there
is response as shown in Fig, 2. When the load is at B (x =x),
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after a time & given by & = x4/V, the strain response is &(z),
Al this time, the applied load is P{x;). Similar to (1), the strain
response at i, may also be assumed to be given by

Efa} = E(ty) + E(ry) (2)

in which E(r,) = response at A caused by the average load P;
and &[4y} = response component due (o perturbation companent
P(x) at B. Since the magnitude of P(x) relative to 7 is small
and the system is linear, it is reasonable to assume that the
strain responss components at A are proportional to the cor-
responding load components at B, This means that (2) can be
rewritten as

E(le) = Bt) + B(r)=Pla)/P EY

It may be argued that since the change in load also results in
change in loaded area, the proportionality assumed between
the load and the strain may not be justified. However, field
measurements of pavement strain response compiled by a Fed-
zral Highway Administration study using the Accelerated
Loading Facility (ALF) located in McLean, Va., supports this
assumption (Bonaquist 1992), This study reveals that in the
case of two typical pavements (AC layer thicknesses of 89 and
178 mm) for vehicle loads varying between 40 and 70 kN, the
strain response was proportional to the applied |oad. In these
tests the Ure pressure was kept constant at 703 kPa, and the
measured strain reponses were longitudinal strain at the bottom
of the AC layer and compressive strain at the top of the sub-
grade. Both wide-base and dual tire configurations were used
in this study. It may aiso be noted that a similar assumption
was made by Markow et al. (1988).

This means that if the mean response (1) and the pertue-
pation of the tice-pavement interaction load are known, the
strain response can be evaluated using (3). Since perturbation
aof the interaction load as a function of vehicle suspension sys-
tem, road roughness, and vehicle speed has been quantified
well in past studies, attention in this paper will be first devoted
o the characterization of E(f;). From now on, the iext does not

include the bar symbol because it is undersiood that the for-
mulation presented is for the mean load.

Governing Equations

The normal stress o, and shear stress components v, and
T, Which characterize a conlact surface pressure moving at a
velocity Voin the longitadinal x-direction can be written as

& M

Gom ) 3 H g (4a)
-] -]
M M

Ta= Y 3 Cagiegar (4B)
m] =l

and

- e

e Z E Do M= s (4c)

where B, Casy and D, = Fourier coefficients: and A, and .
= corresponding wavelengths of the harmonics. These are the
result of the Fourier expansion of the contact pressure distri-
bution on the loaded area, and N and M are the number of
harmonics considered. [t should be noted that the Fourier ex-
pansion can be used 1o represent a load diswibution of any
shape, and it immplies that the applied load vanation is periodic.
The load specification [(4a)—(4c)] will be selected with a suf-
ficient "quiet zone'' at the end of the loaded area to allow
time for the damping of the system 1o attenuate the response
from one cyele before the beginning of the next cycle.

The response for a linear or viscoelastic system (for in-
stance, the horizontal displacement w) at any point is then
given by the algebraic sum of the harmonics giving

o o
w=ulp = Vip= 2, D Unlzle ™ 1hginer (5

=i el

in which U/, (z) reflects the variation in displacement of & with
z only for the ath and mth barmonics: The major advantage
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in writing the response in this fishion is thar the derivatives
with respect to &, y, and ¢ are staightforward: thus, any re-
sponse can be written in terms of z only (Siddharthan =t al.
I993). Under these circumstances, if the response to a single
harmonic can be found, then the principle of superposition can
be used to obtain the pavement response as an algebraic sum
of the contributions from all the harmonics present.

Solution for Single Harmonic Pressure

Dynamic equations of motion for a 3D elastic continuum
can be written using index notation (Timoskenko and Goodier
(1970) as

2

Y '5;':"' (6)
in which o = stress tensor; p = mass density; and w, = dis-
placement in the ith direction. The comma that appears be-
tween ¢ and j represents differentiation with respect to the
direction j. According to Timashenko and Goodier (1970, the
elastic stress-displacement relationships in index notation can
be wrilten as

oy = Mbu, + Gy, + uy) (7

in which 8, = Kronecker delta; and M and G are Lamb's con-
stants. Substituting (7) into (6) results in thres eguations in
terms of three unknown displacements. Therefore, the solution
of the problem is possible.

Knowing that the response will be in the form given in (5)
for each harmonic, steps similar to those followed by Sid-
dharthan et al. (1993) and Zafir et al. (1994) will lead to a
sixth-order ordinary différential equation

(2] 1 atltiy, d*t,,

D‘*. d-zq = -D: -'i{‘ = 'DJ dzl + ﬂ'a”«- =) ':S}
in which 0,—D, = constants that depend on layer material
properties, velocity of vehicle, A, and p.. It can be shown
that the selution for this differential equation is of the form

U =817 + By + Bye™ + Be™ + Bae™ + Bze™
(9

in which n, and n; = constants that depend on material prop-
erties and wave numbers; and B, -8, = integration constants,

In the case of horizontally layered deposits with different
properties, an equation similar to (9) exists for every layer
Therefore, altogether there are constants (8,) that total six
times the number of layers. These constants can be evaluated
by satisfying the top and bottom boundary conditions, inier-
face continuity conditions in displacement, and normal and
shear stresses (Siddharthan et al. 1993; Zafir et al. 1994). After
solving for these constants, the response in terms of displace-
ments, stresses, and strains can be obrained at any point within
the pavement. Then the solution for the wheel loading is ab-
tained by summing the responses computed for all of the har-
monLes.

A computer code 3D-moving load analysis (3D-MOVE) has
been developed incorporating the preceding solution tech-
nigue. This program can handle any number of layers with
any type of load distribution at the surface. The higher the
number of layers, the larger the computational effort. At pres-
ent, the code is capable of incorporating frequency-dependent
properties of AC layer while base course and subgrade layers
are treated as linear elastic. There is no limit to the number of
horizontal layers that can be considered by the program. The
characterization used for the AC layer in the proposed study
is presented subsequently. The nonlinear stress-dependent re-
sponse of the base course and subgrade is not considered in
this paper. Research is underway to account for this effect.

MATERIAL CHARACTERIZATION

Sousa and Monismith (1987) studied the effects of different
parameters on dynamic modulus of AC. The AC samples werz
tested under three different temperatures of 11, 25, and 40°C
and were subjected to sinusoidal cyelic axial and torsional
loading with varying frequencies. They found that for AC, the
amplitude of the dynamic complex shear modulus |G*| is a
strong function of temperature and frequency of the loading.
The variation in the dynamic AC shear modulus at various
temnperaturas with loading frequency is shown in Fig. 3(a). It
shows that the dynamic shear modulus of AC increases with
the increase in loading frequency. The variation in dynamic
Foisson's ratio with frequency is shown in Fig. 3(b). Unlike
the dynamic shear moedulus, the Poisson’s ratio decrenses with
frequency.

Two fundamentally differznt damping phenomena are ‘as-
sociated with pavements, namely, material damping and radi-
ation damping. Material damping is due to internal energy dis-
sipation, while radiation damping is a measure of the energy
loss associated with the radiation of waves away from the
region of interest. For engineering applications, the internal
damping of the pavement materials can be included in the
analysis by writing the modulus in-its complex form as follows
(Rosset 1930; Sousa and Monismith 1987):

"=+ L) (1

in which G* = complex dynamic shear modulus; and [0 =
measure of internal damping of the AC.

For viscoelastic layers, the shear modulus & that appears in
(7) is replaced with its complex form given by

* =0+ G, (1)

in which &, and G, = real and imaginary shear modulus com-
ponents. From (10) it may be deduced that

1.00E+G7 —
{_2 R T " e
< =
=
3
3
=m
5o L.OOE+D8 +
m -2
=
[75]
=
E
=]
[&]

1.LOE+05 - $ .
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FIG. 3{a). Variation ol Complex Shear Modulus with Fra-
quency and Temperature [(after Sousa and Maonismith 1287)
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FIG. 3{b). Variation of Paisson's Ratlo with Frequency and
Temperature (after Sousa and Monismith 1387}
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VI + 48,

In this study, the values of |G *| shown in Fig. 3(a) and ¢
= 5% have been used to define the behavior of the AC. It may
be noted that the angular frequency of each harmenic is AV
from (3). In elastic analyses, the energy consideration requires
that the Poisson's ratio be between (0 and 1/2. Therefore, the
Poisson's ratio variation shown in Fig. 3(b) was assumed to
be valid only between 0.01 and 0.493.

Since the proposed model s a “finite-layer’’ model, it is
incapable of considering the changes in medulus within a layer
in the lateral direction, Therefore, the properties of stress sen-
sitive materials such as base and subgrads may be treated as
a number of linear elastic sublayers with constant modulus
(without variation in lateral direetion). This type of character
ization has been successfully used in other computer models
such as KENLAYER (Huang 1993) and EVERSTRS (Siva-
neswaran et al, 1996).

The shear modulus and the internal damping For the base
and subgrade layers can be included in the analysis in the same
fashion as for the AC layer [(10)], The internal damping of
the unbound layers also has been assumed to be 5% [t may
be noted that, since the entire domain has been treated as lay-
ers extending to infinity in the lateral direction (i.2., without
any artificial latcral boundaries), the radiation damping has
been implicitly incorporated into the proposed analysis.

VERIFICATION OF PROPOSED APPROACH

There are a number of classical solutions against which the
applicability of the propased method and the ensuing computer

Gy = and G =2G{ac

{12a,5)

program (3D-MOVE) can be verified. Of course. the clyssical
solutions are availuble only for many simplified conditions.
Three well-known classical solutions have been used in the
verification: (1} Fung's {1963) solution for 2lastic half-space
subjected to harmonic surface pressures; {2) Ueshita and Mey-
erhof’s (1968) selution for rectangular loaded aren with uni-
form pressure on a layer of finite thickness; and (3) Ahlborm's
(1972) solution for circular |oads with uniform pressure on a
multilayered system (ELSYM35), Since ELSYMS3 is one of the
widely used programs in pavement studies, the verification ys-
ing this program only is presented next.

The solution technigue used in ELSYMS is based on Bur-
mister’s elastic layer theory, while the Fourier rransiorm tech-
nique along with finite-layer formulation is used in this study.
Therefore, validation using EL3YM3 may be considersd an
independent check. Furthermore, this validation using EL-
SYM3 will verify the capability of 3D-MOVE to simulate the
circular loaded area and us ability to combine layvers with dif-
ferent material properties.

Fig. 4(a) shows a pavement layer system subjected to loads
from a single axle dual-tire configuration, The load per tire
and the tire pressure are 22.5 kKN and 862 kPa, respectively.
This loading results in two circular tire imprints with a 0,182-
m diameter as shown. Though any pavement responses such
as stress, strain or displacement may be compared, the normal
strain in the longiudinal direction €, and transverse direction
£, at the hottomn of the AC layer along the transverse direction
{along x = 0) was selected for comparison. This is because
these normal strain components are often critical input in the
evaluation of fatigue life of AC pavements. Fig. 4(b) shows
the computed results from ELSYMS and 3D-MOVE. The re-
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TYoung's MadulusE, =840000kPa
0.13n| Palsgan’s Ratle, 14 =0.4
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sultz are virually identical, indicating that the 3D-MOVE is
capable of simulating correctly the static circular loads applicd
to a layersd system.

APPLICATION TC FIELD PROBLEMS
Description of Example Problem

To illustrate the applicanon of the propesed approach, two
different pavements, representing a thin and a thick pavement
were subjected to loading from a moving tandem axle. Figs.
3(a and b} show the pavement layer thicknesses and a sketch
of the moving tandem axle loading. The physical material
properties of base and subgrade, which were assumed clastic,
are given in Table 1. The pavement layer configuration is sim-
ilar to the pavement sections tested in the field instrumentation
study reported by Sebaaly and Tabatabaee (1993). The dy-
namic material properties of the AC layer were assigned from

Hoving Tandem Axle
Yariebole Zpeed

[F==]
0.15m Al Visegelastlc
0.20m Base Elastic
&.0m Subgrode Elastlc

KIFHKR KK KA KKK KIRAK

(a) Rigld Hausge

Having Tanden Axle
Varlable Speed

0.25m AL Viscoetastic

0.25m Hase Elastic

&.0m Subgrode Elastlc
KHXK K IOCH I A A A RA K,

(b) Rlgld Base

FIG. 5. Pavesment Structure Properties: (a) Thin Pavement; (b)
Thick Pavemant

T

TABLE 1. Properties of Layers Used in Parameter Study

Unit | Shear |Damping!
Thickness | weight | modulus | ratic | Polsson's
Layer (mj} (RN/m) (xPa) {%5) ratio
(1) (2) (3} (4) (5] (E)
AC 0.15 and 025 228 | Variable® 5 ] Variable®
Base 0:20 and 0.25 19.6 T.5 =10 3 0.35
Subgrads 5.0 | 133 |30 x ¢ 5 [ 040

“Assumed [0 vary as given in Fig, 3(a) (T = 40°C),
"Assumed ta vary s given in Fg ][I:r} (= -1-0*"(,‘_].

the database of viscoelastic material propenties shown in Figs.
3(a and b). The measured values of complex shear madulus
[Fag 3{a)] and Poisson's ratio [Fig. 3(b}], which are appro-
priate for the temperature of 40°C, were chosen for the AC
layer in this study.

A rypical tandem axle carries a total axle load of 180 kN,
and when wide-base tires are used the load carried by euch
tire is 45 kN/tire. On the other hand, when typical dual tire
configuration is used, the tire load is 22.5 kN/ftire. The two
wheel configurations being considered by this study are shown
in Fig. 6. The tire-pavement interaction stress distributions
used in this study is based on the recent, most comprehensive
work on wide-base tires carmied out by the South African In-
stitute of Road (Council of Scientific and Industrial Research)
(De Beer et al. 1996). These researchers developed a device
to measure all three compenents of tire-pavement contact
stresses under a moving wide-base tire. They developed an
advanced measuring system referred to as vehicle-road surface
pressure transducer array (WRSPTA) that is capable of mea-
suring vertical, ransverse, and longitudinal contact stresses si-
multanecusly under a moving tire. This system has undergone
extensive calibration and has been shown to be robust and
effective (De Beer et al. 1996),

Vertical o., longimdinal 7. and transverse T,. contact
siresses reported by De Beer et al. (1998) for a Bridgestone
wide-base 425/65R22.5 tire were used to represent the pave-
ment surface loading required in (4a)—(4¢). As a typical plot,
the varation of @, within the loaded area is shown in Fig. 7.
This stress distribution was obtained for a vertical load of 45
kN with tire inflation pressure range varying betwesn 8350 and
S0 kPa. It is clear that the contact pressure variation is non-
uniform, and the loaded area is moncircular with maximum
dimensions of about 32.0 and 16.0 em in the transverse and
longiwudinal directions, respectively. The maximum oy is
much higher than the tire inflation pressure and is as much as
1,563 kPa. The longitudinal and transverse shear stresses also
indicate nonuniform swess distributions but of much lower val-
ues. The maximum longitudinal and transverse shear siresses
are 180 and 254 kPa, respectively. This means that the contact
shear stresses are only about 12 and 16% of the maximum
vertical stress.

Center Line of Truck

43KNS tire

2n
_?I%LE I—-/ Moving
é — Direction

N/

Wide=~Base Tires

22,5k tire
_L —| 1.22m |-— /

TR

Dual Tires

FIG. B. Maoving Tandem Axle with Wide-Base and Dual Tire Configurations
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Results and Interpretation

Though 3D-MOVE can compute any response such as
strain, stress, displacement, and acceleration at any point, only
longitudinal tensile-strain response at the bottom of the AC
layer €.c is reported in this paper. The response is computed
at a location directly below the midpoint of the loaded area,
This is because one of the most imponant performance indi-
cators that is required in pavement distress evaluation i35 E.c.
The program 3D-MOVE was used to obtain this parameter for
both the thin and thick pavements identified sarlier. Computed
time-history respanse of £, for both thin and thick pavements
under tandem axle with wide-base tires moving at a speed of
72 km/h are shown in Fig. 8. The characteristics of the com-
puted strain history are similar to those recorded in many ficld
tests (Bonaquist 1992: Sebaaly and Tabatabaes 1993), There
are two tensile-strain peaks that correspond to the presence of
two loaded areas,

The following observations can be made from Fig. 8

l. As expected, the £,c in the case of the thick pavement
is much smaller, and it is ~53% of the strain in the thin
pavement.

2. The pulse width of the strain from the load is somewhat
higher for the thick pavement.

3. A closer look at the strain response indicates that there
i3 a strong coupling between responses caused by the two
loaded areas, and in the case of the thin pavement this
is more evident.

4. A substantial compressive-sirain companent of as much
as 23% of the maximum tensile value is compuied for
both pavements.

Fig, 9 shows the influence of vehicle speed on g, There
I8 a significant reduction in the strain magnitude as the speed

400
£ s l Vehicle Speed = T2km/hr
£ I Tamparaturs = 40°C
g g s Wide-Sasa Tirea
- A L
a s ok
B E a 4l
.g | L]
2 E 130 = = = Thick Pavemant
- ﬂ 100 f —Thin Pavemant
“é" B =0 ]
3 hi: i 'Ii' - AL ——
i) 0,05 1 o 025 ala
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9 -0 -i-

=150 =
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FIG. B. Response Histary of £, for Vehicla Moving at 72 kmsh
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FIG. 8. Influence of Vehicle Speed on e,

increases for both pavements, In the case of thin pavement,
Euc reduces from 4524 to 350p (a decrsase of 23%), when
the speed of the vehicle increased from 36 km/h to 108 kmy/
h. The reduction in €, for the case of thick pavement is some-
what higher (~33%). Such reductions in pavement response
as the speed increases are significant and was observed first in
full-scale field tests carried out by the Western Association of
State Highway Officials in the 1950s. Subsequently, the same
observations were made in other field measurements such as
the American Association of State Highway and Transporta-
tion Officials road test (American 1962} and Pennsylvania
State University road tests (Sebaaly and Tabatabace 1993). In
the latter case, direct measurements of longitudinal strain were
made, and the reduction was as much as 50%. It may be noted
that the field-measured strain responses include the influence
of the dynamic (perturbation) load.

A few analytical studies have accounted for the variation of
contact stresses (normal and shear) within the loaded area in
the estmation of g, (Tielking and Roberts 1987 Perdomo
and MNokes 1993). In particular, the study of Perdomo and
Nokes showed that inclusion of contact shear stresses is very
important, They computed an increase in €4c of as much as a
factor 6 when contact shear stresses are considered. Fig, 10
depicts the strain response €, computed by 3D-MOVE with
and without contact shear stresses. It is seen, contrary to the
study of Perdomo and MNokes, that the influence of contact
shear stresses on E.c i% minimal. Many factors may be arrib-
uted to this discrepancy. First of all, Perdomo and Nokes used
circular stationary loaded areas and a contact stress distribution
that conformed to radial symmetry. The loaded area and con-
tact stress distribution associated with the wide-base tires (Fig.
7) do not conform to the load deseription used by Perdomo
and Mokes (1993). Secondly, they used a substantially higher
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radial shear stress distribution. The maximom radial shear
stress was as much as 36% of the maximum normal stress, On
the other hand, the maximum shear stresses (longitudinal and
transverse) used in this study are only 12 and 16% of the
maximum nommal stress. o is believed that the shear stress
distribution adopted in this study is more realistic as it is based
on comprehensive field measurements made by the Council of
Scientific and Industrial Research using a state-of-the-art tech-
nolegy.

The response caused by both wide-base tires and dual tires
are needed 1o compare their inAuénce on pavement distress.
Fig, 1l shows strain component g, for wide-base and dual
tires. The contact area and swess distribution for dual tires
were selected based on the work of Sebaaly (1992). The stress
distributions that are appropriate for a lead of 22.5 kN/tire and
a tire inflation pressure of 862 kPa were used in the study.
Singe Sebaaly did not report on contact shear suresses they
were not considered in the case of the dual tires. However, for
the wide-base tires all three stress components were included.

It is clear from the fgures that the strain response from the
wide-base tires are significantly higher. At an intermediace
speed of 72 km/h, the strain résponse €. computed for wide-
base tires on thin pavement is 33% higher than those computed
for the dual tires, This increase reduces to 16% when the thick
pavement is considered. There are many swudies that have
compared the strain component £,c between wide-base and
dual tires. Resulis in terms of percent increase in £, caused »
by wide-base tires over the dual tices reported by four studies
are presented in Fig, 12, Resulis from this paper and the study
by Perdomo and Nokes (1993) are analyncal, while the studies
by Akram et al. (1992) and Bonaquist (1992) arc cxperimen-
tally based. Care should be taken in interpreting this figure. It
is because the conditions such as-the layer thicknesses, ma-
terial properties (or temperature), and tire pressure are not the
same in these siudies. It appears that although the results from
this study are Consisient with those given by Bonaguist (1992)
and Perdomo and Nokes (1993), the range given by Akram et
al, (1992} 15 much wider. It should be noted that in the ex-
perimental study of Akram et al. (1992}, the tirc inflation pres-
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sure for both types of tires was different. Furthermore, their
study did not dicectly measure the strain £.c. They estimated
Esc using the defiection bowl caused by the moving truck.
Walidity of this procedurs is guestionable since field tests by
Sebaaly and Tabatabaes {1993} revealed that the reldtionship
berween pavement surface deflections and g, 15 not consis-
{ent.

Moditication to Load Perturbation

Thus far attention has been given to evaluate the strain re-
sponse induced by the constant average axle load P, However,
when the perturbation of the axle load P(x) is to be considered,
the computed strain responses have o be modified. This per-
turbation of axle load has beesn characterized by many re-
searchers, and an excellent summary of the state of the art has
been compiled by Streit et al. (1993). Many studies, in partic-
ular the studies by Woodrooffe and LeBlanc (1988) and
LezBlanc and Woodroaffe (1993), give the perurbation load in
terms of dynamic lpad coefficient (DLC), which is defined as
the ratio of the standard deviation of the perturbation load and
average or nominal static wheel load, The DLC values ars
available as a functon of road roughness, vehicle speed, and

TABLE 2. DLC Values for DiHerant Tractor Suspensions (after Woodrooffe and LeBilanc 1386)

TRACTOR SUSPENSION TYPE
Vahicla Air Bag Four Spring (Leaf Spring) Rubbar Spring Walking Baam
spaad Smaoath Avarage Acough Smaoath Avaraga Rough Srmoath Avaraga Fough
(krmh) road road raad road road road road road road
1 @ (3) (4) (5) (8) (7) (8) () (10)
40 0.3 0.04 0.05 0.04 0.05 0.08 0.04 0.08 0,08
M) 004 0.08 .08 (.04 0.08 0,09 1.0 .08 0.11
0] (.05 0.0% D10 0.07 0.13 — 0,07 0:22 .23

"Data aot available.
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vehicle suspension system, These values, inferred from Wood-
rooffs and LeBlanc (1986) and LeBlanc and Woodrooifs
(1995), are given in Table 2,

The coefficient DLC along with strain responses computed
thus far can be used to estimate the strain variability resulting
from the perturbation load. Using (3), the standard deviation
o, of the strain £, can be evaluated as

o, =DLC"e,,. (13}

in which . i5 the strains given in Figs. 8-11; and the co-
efficient DLC is given in Table 2. The o, values provide an
approximate estimate of the variability of g,c.

SUMMARY AND CONCLUSIONS

This paper describes a more realistic model for evaluating
pavement responsc to moving taffic loading. The proposed
model handles actual traffic loading conditions with due con-
siderations given (o important factors such as the vehicle
speed, the dynamic load variations, and the nonuniform stress
distributions at the tire-pavement interface. The applicability
of the proposed approach and the ensuing compuler program
has been verified using three existing classical solutions. Based
on the analysis presented in this paper, the following conclu-
sions can be made;

L. Traffic loads result in stress distributions (normal and
shear) at the tire-pavement interface that are nonuniform.
The proposed model is capable of handling any specified
stress distributions.

2. The proposed model was able to identify that the impact
of vehicle speed on the tensile strain at the bottom of the
AC layer is in-a manner consistent with several field
studies. Many of the mechanistic pavement response
models are deficient since they do not include vehicle
speed as a governing factor

3. The inclusion of contact shear stesses (longitudinal and
transverse) did not significantly influence the tensile
strain at the bottom af the AC layer £, Other studics
showed greater impact from contact shear siresses be-
cause those siudies assumed unrealistic shear stress dis-
tributions.

4. An important application of the proposed approach has
been illustrated by comparing pavement strain responses
computed with wide-base tires and dual tires. At an in-
termediate speed of 72 kmv/h, the strain response Exc
computed for wide-base tires on a thin pavement i5 33%
higher than those computed for the dual tires. This in-
crease reduces to 16% when a thick pavement is consid-
ered.

3. This paper also presents a simplified procedure to ac-
count for the dynamically varying (space and time) tire-
pavement interaction load, thus enabling pavement en-
gineers to assess the strain response of pavements in
terms of road roughness, truck suspension system, and
vehicle speed,
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